Abstract The hydrophobic lung surfactant protein, SP-B, is essential for survival. Cycling of lung volume during respiration requires a surface-active lipid-protein layer at the alveolar air-water interface. SP-B may contribute to surfactant layer maintenance and renewal by facilitating contact and transfer between the surface layer and bilayer reservoirs of surfactant material. However, only small effects of SP-B on phospholipid orientational order in model systems have been reported. In this study, N-terminal (SP-B 8-25 ) and C-terminal (SP-B 63-78 ) helices of SP-B, either linked as Mini-B or unlinked but present in equal amounts, were incorporated into either model phospholipid mixtures or into bovine lipid extract surfactant in the form of vesicle dispersions or mechanically oriented bilayer samples. Deuterium and phosphorus nuclear magnetic resonance (NMR) were used to characterize effects of these peptides on phospholipid chain orientational order, headgroup orientation, and the response of lipid-peptide mixtures to mechanical orientation by mica plates. Only small effects on chain orientational order or headgroup orientation, in either vesicle or mechanically oriented samples, were seen. In mechanically constrained samples, however, Mini-B and its component helices did have specific effects on the propensity of lipid-peptide mixtures to form unoriented bilayer populations which do not exchange with the oriented fraction on the timescale of the NMR experiment. Modification of local bilayer orientation, even in the presence of mechanical constraint, may be relevant to the transfer of material from bilayer reservoirs to a flat surface-active layer, a process that likely requires contact facilitated by the formation of highly curved protrusions.
Introduction
Changes in lung volume during breathing are enabled by a surfactant layer which reduces surface tension at the airwater interface within the alveoli (Goerke 1998; Pérez-Gil 2002; Zuo et al. 2008; Possmayer et al. 2010) . Approximately 90 % of lung surfactant dry weight is accounted for by lipids, particularly phosphatidylcholine and phosphatidylglycerol (Postle et al. 2001; Hildebran et al. 1979; Lang et al. 2005) . The remaining dry weight is accounted for by four proteins, of which two, SP-A and SP-D, are large, hydrophilic oligomers that contribute to host defense activity (McCormack 1998; Crouch 1998) . The other two proteins, SP-B and SP-C, are small hydrophobic proteins that appear to modify spreading and adsorption of the surface-active film at the air-water interface and which may also be important for maintenance of the film and recruitment of new or recycled material to the film as the area of the air-water interface cycles during respiration (Perez-Gil and Weaver 2010; Possmayer et al. 2010) . The transfer of surfactant material from bilayer reservoirs to the surface-active layer presumably requires close contact and fusion between portions of the bilayer surface and the surface layer.
Of the four lung surfactant proteins, only SP-B is known to be essential for lung function Clark et al. 1995; Nogee et al. 1994) . The monomer of this protein contains 79 amino acid residues and carries a charge of ?7 at neutral pH (Hawgood et al. 1998 ). The SP-B monomer comprises at least four amphipathic a-helical segments. In lung surfactant, SP-B exists as a homodimer stabilized by three intramolecular and one intermolecular disulfide bonds. The primary structure of SP-B is shown schematically in Fig. 1a .
A number of SP-B fragments have been synthesized and studied both in animal models and in vitro (Waring et al. 2005; Walther et al. 2002; Revak et al. 1991; Kang et al. 1996; Baatz et al. 1991; Ryan et al. 2005; Serrano et al. 2006 ). One such fragment, Mini-B, is a concatenation of the N-terminal and C-terminal helices of SP-B, and retains SP-B's overall charge of ?7, its amphipathic helical character, and two helix-linking disulfide bonds. Figure 1b shows the primary structure of Mini-B. In surfactant-deficient rats, Mini-B was found to support blood oxygenation levels at least as effectively as full-length SP-B (Waring et al. 2005; Walther et al. 2010) . A peptide consisting of SP-B residues 63-78, known as SP-B CTERM or SP-B 63-78 , was found to retain almost half of the full SP-B activity in such studies. Interestingly, and SP-B 63-78 are much more active when they are covalently joined in Mini-B than when present as individual peptides (Waring et al. 2005) . Mini-B has also been combined with a phospholipase-resistant diether phosphonolipid to form a synthetic surfactant with high dynamic surface activity .
Solution NMR has been used to find high-resolution structures of Mini-B in sodium dodecyl sulfate (SDS) micelles (Sarker et al. 2007 ), of in hexafluoropropanol and in SDS micelles (Booth et al. 2004) , and of an N-terminal SP-B fragment, , in methanol (Kurutz and Lee 2002) . Despite the critical importance of SP-B in breathing, detailed understanding of the functional role played by interactions between SP-B and surfactant lipids remains elusive.
2 H NMR studies of chain-labeled phospholipids in multilamellar vesicle surfactant model systems showed only small perturbations of lipid chain orientational order, and thus lipid area, in the liquid by either SP-B (Dico et al. 1997; Morrow et al. 2007) or the fragment (Russell-Schulz et al. 2009 ). However, the extent to which such small perturbations of lipid chain orientational order, as observed in liposomes, might contribute to the unique function of SP-B in lung surfactant remained unclear.
For studies of peptide-lipid interactions, information obtained from mechanically oriented bilayers can usefully complement that obtained from liposome samples. Recent studies of the C-terminal SP-B fragment, , in mechanically oriented bilayers of 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-snglycero-3-phospho-(1 0 -racglycerol) (POPG), POPC/POPG, and bovine lipid extract surfactant (BLES) (Yang et al. 2009; Bertani et al. 2012) showed that, in addition to a small perturbation of lipid chain orientational order, the C-terminal SP-B fragment also induced the formation of unoriented bilayer regions that were large enough to preclude averaging by exchange with the oriented bilayer fraction. While it is known that peptides can interfere with the formation of well-oriented bilayers, it is important to note the possible relevance, for surfactant function, of peptide-induced departures from bilayer planarity or of changes in how bilayers respond to the orienting influence of an adjacent flat surface; For example, rapid adsorption of material from bilayer structures into monolayers is an essential aspect of surfactant function and is likely to require bridging of surfaces by highly curved stalk structures (Zuo et al. 2008; Rugonyi et al. 2008; Possmayer et al. 2010) . Maintenance of the surface-active layer is also thought to require that material squeezed out of the monolayer during compression remain anchored to the monolayer and available for recruitment back into the monolayer during expansion. The N-terminal region of SP-B has been implicated in the stabilization of so-called nanosilo reservoirs (Frey et al. 2010) , and the formation of such structures presumably involves highly curved intermediate states. Accordingly, a propensity for SP-B and its fragments to compete with the orienting influence of a proximal flat surface, such as in a mechanically oriented bilayer sample, might be relevant to surfactant function.
The study reported here examines lipid bilayer perturbation by the N-terminal and C-terminal helices of SP-B either linked in the form of Mini-B (SP-B 8-25 plus SP-B 63-78 ) or unlinked and SP-B 63-78 ) but present in equimolar amounts. The effects of these SP-B Fig. 1 a The primary structure of human SP-B (Liu et al. 2008) showing the internal disulfide bonds. The residues included in the SP-B construct Mini-B are indicated in bold. The approximate locations of segments expected to be helical are indicated by shaded boxes. b The primary structure of Mini-B (Waring et al. 2005) peptide fragments on lipid chain orientational order and longer length-scale bilayer orientation have been separated by comparing spectra obtained from multilamellar vesicle and from mechanically oriented bilayers. Such comparisons have been carried out for both POPC-d 31 /POPG model mixtures, to facilitate comparisons with earlier work (e.g., Yang et al. 2009 ), and for BLES, which is a nearly complete natural surfactant. It is found that, at concentrations low enough for average lipid chain orientational order to be negligibly perturbed by short-range interactions, these peptides can influence bilayer topography over larger length scales and interfere with mechanical bilayer orientation in some mechanically oriented samples. Consideration is given to the possibility that the resulting mosaic spread reflects lipid-peptide interactions that might also be relevant to the promotion of curved or protruding surfaces as implied by some models of surfactant cycling during respiration. Interesting distinctions are found between the effects of Mini-B and a mixture of its unlinked helix components on the model POPC/POPG mixture at 23°C, which is well above the gel-to-liquid crystal transition temperature for POPC/POPG, and on BLES at 35°C, which is only a few degrees above the corresponding transition in BLES.
Methods and materials
The phospholipids 1-palmitoyl-d 31 -2-oleoyl-sn-glycero-3-phosphocholine (POPC-d 31 ), 1-palmitoyl-2-oleoyl-sn-glycero-3 phospho-(1 0 -rac-glycerol) (POPG), and 1,2-dipalmitoyld 62 -sn-glycero-3-phosphocholine (DPPC-d 62 ) were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Bovine lipid extract surfactant (BLES), a clinically used surfactant, was provided in saline dispersion form, as a donation from BLES Biochemicals (London, Canada). The concentration was determined, by phosphorus assay, to be 22.6 mg/ml. Chloroform (CHCl 3 ) and methanol (MeOH) were obtained from the Fisher Scientific Company (Toronto). Muscovite mica (grade V-4, dimensions 75 mm 9 25 mm 9 0.26 mm) was purchased from Structure Probe (West Chester, PA).
Mini-B is a disulfide-linked construct of both the N-terminal (8-25) and C-terminal (63-78) portions of SP-B. Its amino acid sequence is shown in Fig. 1b . The peptide was synthesized via solid-phase methods employing O-fluorenylmethyl-oxycarbonyl (Fmoc) chemistry as in Sarker et al. (2007) . Organic solvents and other reagents used for Mini-B peptide synthesis and purification were of high-performance liquid chromatography (HPLC) grade or better. The peptide was assembled on a prederivatized N-Fmoc-O-tert-butylserine, p-hydroxymethylphenoxy (HMP) resin (AnaSpec). Deprotection and cleavage of the peptide from the resin were followed by cold precipitation with tert-butyl ether. Crude product was then purified by preparative reversed-phase HPLC with a Vydac C-18 column. The molecular weight of the peptide was confirmed by fast atom bombardment or matrix-assisted laser desorption/ ionization time-of-flight (MALDI-TOF) mass spectrometry. Its purity was determined and found to exceed 95 % by analytical HPLC. The peptide was lyophilized and stored in a refrigerator at 4°C. The N-terminal SP-B peptide (CWLCRALIKRIQAMIPKG, residues 8-25 of SP-B) was prepared in a similar way. The C-terminal segment (GRALPQLVCRLVLRCSM) of Mini-B was expressed as a recombinant protein in Escherichia coli and purified via nickel affinity chromatography using the approach described by Lindhout et al. (2003) . In this approach, the terminal M is replaced by A to facilitate cyanogen bromide cleavage of the expressed peptide from its fusion protein.
For each of the peptide-containing samples, the total peptide accounted for approximately 5 % of the dry sample mass, corresponding to nominal concentration of approximately 1 mol%. Peptide amounts were determined by weight after multiple dialyzations to remove as much solvent as possible. Measuring peptide weights in a consistent way defines an upper limit on peptide concentration, but because the dry peptide can retain up to 20 % trifluoroacetic acid (TFA) by weight after repeated dialysis, the actual peptide concentration in each sample is expected to be in the range of 0.8-1 mol%.
To prepare mechanically oriented bilayers of POPC-d 31 / POPG, with or without peptide (1 mol%), specific mixtures of dry components containing approximately 9 mg of total lipid mass were dissolved in 150 lL CHCl 3 /MeOH (1:1) and then deposited, in roughly 1 lL volumes, at the center of freshly cleaved mica plates cut to dimensions of either 5 mm 9 12 mm or 12 mm 9 12 mm. The deposited solution was allowed to dry on each plate for 3-5 min after each cycle of deposition. This was repeated until all of the solution was used, after which the mica plates were left in a fume hood overnight and then placed under vacuum for 6-8 h to remove all residual solvent. Films were then hydrated by adding 6 lL of deuterium-depleted water to each plate and then placing the plates in a sealed chamber containing saturated ammonium phosphate solution (65 g/250 mL) at room temperature for 4 days. The mica plates were then stacked with an empty plate of the same dimensions placed over the top plate. The stacked plates were then wrapped with thin plastic film and heat-sealed into a polyethylene envelope containing an additional 8-10 lL of deuterium-depleted water to maintain hydration. Samples were then allowed to equilibrate for 2 days to ensure homogeneous hydration prior to the initiation of NMR observations. At least two independent oriented samples were prepared and examined for each peptide-containing bilayer mixture to ensure that the observed spectra Eur Biophys J (2012) 41:755-767 757 were characteristic of that composition. The absence of significant hydrolysis in similarly hydrated samples of POPCd 31 /POPG with and without SP-B 63-78 was previously demonstrated using thin-layer chromatography (Yang et al. 2009 ). BLES was extracted from saline dispersion using the method of Bligh and Dyer (1959) . Specifically, 9 mg of BLES was transferred from 400 lL into 2 mL of CHCl 3 / MeOH (2:1) by mixing and phase separation. DPPC-d 62 (2.5 % by weight) and, for specific samples, peptide (1 mol%) were then added to the BLES-containing organic phase. The resulting mixture was then dried under a stream of nitrogen gas for 40-60 min before being redissolved in 150 lL of CHCl 3 /MeOH (1:1). Preparation of mechanically oriented samples by deposition of this solution onto mica plates then proceeded as described above.
Multilamellar vesicle samples were prepared by transferring CHCl 3 /MeOH (2:1) solutions of lipid or lipid plus peptide, as described above, into a round-bottom flask from which solvent was then removed by rotary evaporation followed by several hours of pumping. The resulting film was hydrated by adding 300-400 lL of deuterium-depleted water, in *50 lL steps, while gently rotating the flask.
2
H NMR spectra were acquired at 400 MHz using a locally assembled 9.4-T spectrometer running a quadrupole echo pulse sequence (Davis et al. 1976 ) with p/2 pulses of length 4-4.25 ls separated by a 30 ls pulse delay. Depending on the sample geometry, the probe was fitted with either a horizontally mounted flat coil or an 8-mm-diameter cylindrical coil. Free induction decays for samples based on either POPC-d 31 /POPG or BLES/DPPC-d 62 were obtained by averaging 10,000-50,000 or 200,000-300,000 transients, respectively. These were collected with a repetition time of 0.9 s and oversampling (Prosser et al. 1991) to give an effective dwell time of 4 ls. For samples containing POPCd 31 /POPG or BLES, sample temperatures were regulated at 23 or 35°C, respectively, using a Lakeshore Cryogenics (Westerville, OH) model 325 temperature controller.
31 P NMR studies of oriented and unoriented samples were performed on a Bruker Avance II 14.1-T (600 MHz) spectrometer operating at 243.04 MHz. For all 31 P studies, samples were inserted in a dual-tuned cross-polarization flat-coil probe which, for oriented bilayers, was positioned such that the bilayer normal was parallel to the external magnetic field. Phosphorus spectra were acquired with a p/2 pulse length of 11.5 ls, a recycle delay of 5 s, and 43 kHz proton decoupling. Depending on the signalto-noise ratio, 4,000-10,000 transients were averaged for each 31 P spectrum. Chemical shifts were referenced externally to 85 % H 3 PO 4 , which was set to 0 ppm.
To illustrate the effect of mosaic spread on the spectra of mechanically oriented POPC-d 31 /POPG spectra, oriented spectra with different levels of mosaic spread were simulated using the Octave programming environment (Eaton 2002) . Orientational order parameters were adjusted to match those determined from a vesicle sample of POPC-d 31 /POPG at 23°C. Line broadening was adjusted such that line widths in the simulation for perfect alignment approximated those for the oriented peptide-free POPC-d 31 / POPG sample. Mosaic spread was modeled by calculating spectral contributions at 1°steps in the angle b between the bilayer normal and the applied magnetic field, and weighting each contribution to the resulting spectrum using a Gaussian distribution characterized by width r b .
Results

Figure 2 shows
2 H NMR spectra obtained, at 23°C, from multilamellar vesicle dispersions of POPC-d 31 /POPG (7:3) with no peptide added ( Fig. 2a) , with 1 mol% Mini-B (Fig. 2b) , and with the same molar amount of peptide but as separate SP-B 8-25 and SP-B 63-78 fragments (Fig. 2c) . Proton-decoupled 31 P spectra of the same samples are shown in Fig. 2d -f, respectively.
The 2 H NMR spectra in Fig. 2a -c are characteristic of fully deuterated, saturated acyl chains on phospholipids undergoing fast, axially symmetric reorientation about a spherical distribution of bilayer normal directions in a multilamellar vesicle dispersion of liquid-crystalline lipid bilayers. Each spectrum is a superposition of Pake doublets, each corresponding to a deuterated chain segment. The quadrupole splitting, measured between the prominent edges of each doublet, is given by
where S CD is the orientational order parameter for that segment and ðe 2 qQÞ=h ¼ 167 kHz is the quadrupole coupling constant for a carbon-deuterium bond. The orientational order parameter for a given segment is
where h CD is the angle between the carbon-deuterium bond and the bilayer normal, and the average denoted by the angle brackets is over accessible chain conformations. The largest quadrupole splittings in the 2 H NMR spectra correspond to relatively ordered chain segments near the headgroup end of the acyl chain where motions are most restricted. Quadrupole splittings and segment orientational order decrease along the chain, reflecting the less constrained chain motion near the bilayer center. The prominent doublet at the smallest splitting arises from the chain methyl group. The dependence of chain orientational order on position along the chain is characterized by an orientational order parameter profile Seelig 1977, 1980; Davis 1983 ). An approximation of the orientational order parameter profile, referred to as a smoothed order parameter profile, can be extracted from the spectrum of a fully deuterated chain in a vesicle sample by assuming monotonic dependence of the orientational order parameter on segment position along the chain (Lafleur et al. 1989) . Figure 2g shows smoothed order parameter profiles corresponding to the spectra in Fig. 2a-c. Comparison of the 2 H spectra and order parameter profiles in Fig. 2 shows little perturbation of POPC-d 31 chain orientational order by either Mini-B or its component helices separately. This is reminiscent of previous studies in which full-length SP-B and SP-B 8-25 were found to have limited effects on acyl chain orientational order in multilamellar vesicle model surfactant systems (Morrow et al. 2007; Russell-Schulz et al. 2009 ).
The 31 P spectra for POPC-d 31 /POPG with and without the peptides present ( Fig. 2d-f ) are superpositions of anisotropic chemical shift powder patterns for the two lipid species present. Each of the component powder patterns is characteristic of fast axially symmetric headgroup reorientation about the bilayer normal. In each case, the more intense component is presumed to arise from POPC-d 31 in the mixture. Comparison of the 31 P spectra in Fig. 2 suggests that Mini-B has almost no effect on average headgroup orientation while the mixture of its component helices has a small effect.
Application of a dePakeing algorithm to the 2 H NMR spectrum of a multilamellar vesicle dispersion yields the spectrum that would be obtained for a sample having the same distribution of orientational order parameters but with bilayer normal aligned along the magnetic field. Because bilayer normals in a vesicle sample are randomly oriented, vesicle spectra, and thus the corresponding dePaked spectra, are insensitive to additional convolutions of the bilayer surface, on a length scale large enough to preclude motional averaging by diffusion, as long as the overall randomness of the bilayer normal distribution is conserved. On the other hand, spectra from samples that are mechanically oriented by, for example, mica plates, are quite sensitive to departures from average bilayer orientation on such length scales. Figure 3 compares dePaked transforms of the 2 H NMR spectra in Fig. 2 with spectra from the mechanically oriented bilayer samples that were prepared with the same POPC-d 31 / POPG/peptide compositions.
In the absence of peptide, both the dePaked vesicle and oriented sample spectra ( Fig. 3a and b, respectively) are superpositions of doublets at the quadrupole splittings, for each chain segment, corresponding to axially symmetric chain reorientation about a bilayer normal oriented parallel to the applied magnetic field. The intense doublet at the largest splitting corresponds to the headgroup end of the chain where orientational order changes only slightly with position along the chain giving rise to a characteristic plateau in the orientational order parameter. The vertical line at 25 kHz in Fig. 3 facilitates comparison of the plateau splittings in the dePaked and oriented sample spectra.
Quadrupole splittings in the peptide-free oriented sample spectrum (Fig. 3b) are about 9 % larger than in the corresponding dePaked vesicle spectrum (Fig. 3a) . Using a series of mechanically oriented samples prepared with different amounts of lipid per mica plate, it was found that the oriented sample splittings approached those of the corresponding dePaked vesicle spectrum as the amount of lipid per plate increased (results not shown). It is thus likely that the difference between Fig. 3a and b reflects a small additional ordering due to the proximity of the mica plate. The lines forming each doublet in the oriented sample spectrum (Fig. 3b) are only slightly wider than those in the corresponding dePaked vesicle sample spectrum (Fig. 3a) , indicating that departures from perfect alignment in the mechanically oriented peptide-free sample must be small.
The spectra for the sample containing the mixture of SP-B 8-25 and SP-B [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] (Figs. 3e and 2f ) also display slight differences in quadrupole splittings and little difference in the widths of component lines. In the oriented sample spectrum (Fig. 3f) , however, an underlying base of additional intensity between ±12.5 kHz indicates the presence of a broad spectral component. As discussed below, this is presumably a small misoriented fraction of the sample that is not in rapid exchange with the predominant oriented fraction.
The 2 H NMR spectrum obtained from the mechanically oriented POPC-d 31 /POPG sample containing 1 mol% Mini-B (Fig. 3d) was significantly different from the corresponding dePaked vesicle sample spectrum (Fig. 3c) and from the spectra of the other mechanically oriented POPCd 31 /POPG samples (Fig. 3b, f) . As noted above, the characteristics of the oriented-sample POPC-d 31 /POPG/peptide spectra were confirmed using independently prepared samples.
The presence of intensity at splittings between ±12.5 and ±25 kHz in Fig. 3d demonstrates that this sample is oriented with bilayer normals, on average, parallel to the magnetic field. The doublets at splittings greater than ±12.5 kHz, however, are broadened in a way that is characteristic of a wide distribution, or mosaic spread, of bilayer normal directions about the magnetic field H NMR spectra from samples mechanically oriented with bilayer normals parallel to applied magnetic field (b, d, and f) and single-orientation spectra obtained by applying the dePakeing transform to multilamellar vesicle spectra (a, c, and e) for samples of POPC-d 31 /POPG (7:3) with no peptide (a, b), 1 mol% Mini-B (c, d), and 1 mol% SP-B 8-25 and SP-B 63-78 peptide separately (e, f). All data taken at 23°C direction. The presence of significant additional intensity between ±12.5 kHz and the appearance of a small doublet at half of the oriented-sample methyl doublet splitting indicates a population of bilayers with normal oriented perpendicular to the magnetic field. An independent population of randomly oriented bilayers could give rise to a spectral component with intensity between ±12.5 kHz, but a distribution of bilayer normal directions wide enough to account for the line broadening seen in the oriented bilayer doublets with splittings between ±12.5 and ±25 kHz is also expected to give rise to enhanced intensity of the spectrum at splittings less than ±12.5 kHz. This is illustrated by simulations shown in Fig. 4 .
The simulations of oriented POPC-d 31 spectra in Fig. 4 illustrate the effect of increasing levels of mosaic spread on the distribution of intensity across the 2 H NMR spectrum. In the absence of information about the shape of bilayer protrusions or misalignment, the distribution of bilayer normal orientations about the magnetic field direction has been modeled by a Gaussian distribution of the angle, b, between the bilayer normal and the magnetic field direction, with characteristic widths as indicated on the figure. This is likely an oversimplification, and the values of r b indicated should not be taken as quantitative characterizations of the mosaic spread corresponding to a particular spectral shape. Nevertheless, the simulations do illustrate how small levels of mosaic spread broaden individual doublets and how larger levels of mosaic spread can give rise to enhanced intensity bounded by the splitting corresponding to plateau deuterons in bilayers with normals oriented perpendicular to the magnetic field. The emergence of spectral edges, at about ±12.5 kHz, with increasing mosaic spread, reflects the fact that splittings are proportional to ð3 cos 2 b À 1Þ=2; which is limited to values between -0.5 and 1. Any distribution of bilayer normal orientations wide enough to include a nonzero population of bilayer normals oriented perpendicular to the magnetic field must give rise to intensity edges at half the oriented spectrum maximum splitting.
Regardless of whether the enhanced central intensity in Fig. 3d reflects a superposition of well-oriented and randomly oriented bilayers, a broad distribution of bilayer normals about an average orientation along the magnetic field, or a combination of both, the spectral shape reflects heterogeneous broadening of the component spectral doublets. The spectra are, however, not indicative of a reduction in doublet splitting that would indicate averaging of the quadrupole interaction by diffusional sampling of different bilayer orientations by lipids over timescales shorter than the characteristic timescale for the 2 H NMR experiment (approximately 10 -5 s). This indicates that Mini-B interferes with the orientation of POPC-d 31 /POPG bilayers on length scales that are long enough to preclude lipid exchange on the *10 -5 s timescale of the 2 H NMR experiment. For most of the sample, splittings are reduced only slightly from those for the oriented bilayer and bilayer normal orientations remain close to the sample average. For a fraction of the POPCd 31 /POPG sample, however, the interaction with SP-B results in much larger departures from average bilayer orientation. Figure 5 shows 31 P NMR spectra of the oriented POPCd 31 /POPG (7:3) bilayers without peptide and with the mixture of separated Mini-B component helices. Corresponding 31 P NMR spectra of the oriented POPC-d 31 / POPG (7:3) bilayers with Mini-B were not obtained due to technical difficulties with the flat-coil 31 P probe over the period during which fresh samples were available. The 31 P spectrum of the mechanically oriented POPC-d 31 /POPG sample (Fig. 5a ) is characteristic of bilayers with normal directions fully oriented parallel to the magnetic field. The small feature at negative chemical shift in the spectrum of Fig. 5b may arise from the small fraction of the sample that Order parameters were taken from the order parameter profile of the peptide-free vesicle sample in Fig. 1g . Line width was adjusted such that, in the absence of mosaic spread, it approximated that of oriented POPC-d 31 /POPG also gives rise to the small underlying intensity between ±12.5 kHz in the 2 H spectrum of Fig. 3f . There is a small difference between the width of the main peak at 35.8 ppm in Fig. 5b and that of the peak at 37.1 ppm in Fig. 5a . This difference might correspond to the small change in mosaic spread indicated by comparison of the corresponding 2 H NMR spectra (Fig. 3f, b) , or it might reflect a slight broadening of the distribution of phospholipid headgroup orientations in the presence of SP-B 8-25 and SP-B 63-78 . Aside from that difference, however, the similarity of the spectra of Fig. 5a and b indicates that the mixture of SP-B 8-25 and SP-B 63-78 has little effect on average phospholipid headgroup conformation.
Similar experiments were carried out using the natural surfactant, BLES, which retains all of the polar and charged lipid content of natural surfactant (Yu et al. 1983; Yu and Possmayer 1996) and in which 1-2 % of the dry weight is accounted for by the hydrophobic surfactant proteins SP-B and SP-C (Panda et al. 2007; Zuo et al. 2008) . Earlier 2 H NMR observations of BLES doped with DPPC-d 62 showed spectra characteristic of axially symmetric reorientation, corresponding to liquid-crystalline behavior, above *31°C and broader spectra, characteristic of gel, below 20°C (Nag et al. 2006 ). Spectra at intermediate temperatures suggested a continuous phase change which was consistent with corresponding differential scanning calorimetry (DSC) scans.
The left panel of Fig. 6 shows 2 H NMR spectra, collected at 35°C, for BLES doped with 2.5 % (w/w) DPPC-d 62 with no peptide added (Fig. 6a) , with 1 mol% SP-B (Fig. 6b) , and with the same amount of peptide but as separate SP-B 8-25 and SP-B 63-78 fragments (Fig. 6c) . Proton-decoupled 31 P spectra of the same samples are shown in Fig. 6d-f , respectively. Individual doublets in the 2 H NMR spectra of Fig. 6 are not as well resolved as in the model lipid mixture, but all three are characteristic of fast, axially symmetric lipid reorientation about a spherical distribution of bilayer normal directions, as expected for a multilamellar vesicle dispersion of liquid-crystalline bilayers. The poor doublet resolution in spectra of liquid-crystalline BLES/DPPC-d 62 , which was also seen in the earlier study of this mixture (Nag et al. 2006) , likely indicates that the characteristic time for exchange of DPPC-d 62 between different environments in the complex BLES mixture is close to the upper limit for fast, axially symmetric reorientation.
The small narrow lines at the center of the BLES/DPPCd 62 2 H spectra in Fig. 6a -c likely reflect the presence of some DPPC-d 62 in small, isotropically reorienting particles. Similar features were also seen in an earlier study of BLES/ DPPC-d 62 . The phospholipid component of BLES is dominated by phosphatidylcholines and phosphatidylglycerols and the 31 P spectra in the right panel of Fig. 6 reflect a mixture of phospholipid species in multilamellar vesicle dispersions. The 31 P spectra of the BLES samples containing peptides also have small features with chemical shift close to 0. As was the case for the model lipid mixture, comparison of the spectra in Fig. 6 suggests that the addition of Mini-B, or a mixture of its helix components, at the low concentrations used here has little effect on average DPPC-d 62 acyl chain orientational order in the BLES mixtures.
The observation of small peaks close to 0 ppm in 31 P NMR spectra may reflect a fraction of the sample in the form of small, isotropically reorienting particles or a fraction of the sample undergoing fast diffusion around highly curved structures. After a period of storage, thinlayer chromatography was used to compare the BLES/ DPPC-d 62 /Mini-B and BLES/DPPC-d 62 samples from which the 31 P NMR spectra of Fig. 6e and d, respectively, were obtained. While comparison of these chromatograms (not shown) did not conclusively rule out lipid hydrolysis, their similarity suggests that hydrolysis alone is unlikely to account for the presence of a peak near 0 ppm in the 31 P spectrum of BLES/DPPC-d 62 /Mini-B (Fig. 6e ) and the absence of such a peak in the corresponding spectrum of BLES/DPPC-d 62 (Fig. 6d) . It is interesting to note that the peak at 0.7 ppm in the 31 P spectrum of Fig. 6e accounts for a larger fraction of the spectral area than the narrow central peak in the corresponding 2 H spectrum of Fig. 6b . This may indicate that the concentration of DPPC-d 62 in the part of the sample giving rise to the peak at 0.7 ppm in the 31 P spectrum of Fig. 6e is lower than in the bulk of the BLES/ DPPC-d 62 sample, but the current experiments leave this question unresolved. The left panel of Fig. 7 shows 2 H NMR spectra obtained from mechanically oriented bilayers of BLES/DPPC-d 62 with no peptide, with 1 mol% Mini-B, and with the same amount of peptide as a mixture of the SP-B 8-25 and SP-B 63-78 components of Mini-B. Again, the characteristics of the oriented-sample BLES/DPPC-d 62 spectra were confirmed using independently prepared samples. The right panel of Fig. 7 shows corresponding 31 P spectra for the oriented BLES/DPPC-d 62 samples.
The breadth of individual doublets in Fig. 7a suggests that, even without peptide, BLES/DPPC-d 62 bilayers were not as well oriented as the peptide-free POPC-d 31 /POPG bilayers. Comparison of Fig. 7a and b, however, shows that addition of Mini-B did not significantly perturb the distribution of BLES bilayer orientations. This differs from the response of the oriented POPC-d 31 /POPC mixture to the addition of Mini-B but may reflect the more complex lipid composition of BLES or the presence of some SP-B and SP-C in the original BLES mixture. Figure 7c , on the other hand, shows that addition of Mini-B component helices as a mixture of SP-B 8-25 and SP-B 63-78 did broaden the distribution of BLES/DPPC-d 62 bilayer orientations. As was seen when Mini-B was added to POPC-d 31 /POPG, the addition of the SP-B 8-25 /SP-B 63-78 mixture to BLES/DPPC-d 62 induced a broadening of doublet lines at splittings close to the maximum oriented bilayer splitting and the appearance of spectral intensity for splittings less than half the maximum oriented bilayer splitting. As before, this indicates an increase in width of the bilayer normal orientational distribution and possibly some randomly oriented bilayer material. Again, as noted above, the characteristics of oriented-sample BLES/DPPCd 31 /peptide spectra were confirmed using independently prepared samples. The 31 P NMR spectra of oriented BLES/DPPC-d 62 with no peptide (Fig. 7d) and with 1 mol% Mini-B (Fig. 7e) are consistent with predominant alignment of bilayer normal along the magnetic field direction. In the 31 P NMR spectra of oriented BLES/DPPC-d 62 with the SP-B 8-25 /SP-B 63-78 mixture (Fig. 7f) , the appearance of a distinct feature at negative chemical shift is consistent with the indications of an unoriented fraction in the corresponding 2 H NMR spectrum.
Discussion
The observations reported here illustrate aspects of interactions between SP-B constructs and lipids that are of potential relevance to the understanding of lung surfactant function. Before relating this work to previous studies, some comment on how peptide levels employed in various model studies compare with those in natural surfactant may be helpful. In bovine surfactant, SP-B accounts for about 0.5 % of the surfactant dry weight and there are about 4,200 phospholipids per SP-B dimer (Zuo et al. 2008) . At protein-to-lipid ratios of about 0.2 mol%, Mini-B and its separate component helices display significant activity in both captive bubble surfactometry and in lung oxygenation measurements performed on surfactant-deficient rats (Waring et al. 2005) . In studies using much higher levels of SP-B and peptides derived from SP-B, observations of significantly perturbed phospholipid acyl chain average orientational order have provided some insights into the interaction of SP-B with the lipid components of surfactant (Morrow et al. 2004; Antharam et al. 2008; Farver et al. 2010) . There is, however, evidence from captive bubble surfactometry that film stability is reduced by total protein (SP-B and SP-C) concentrations in excess of about 2 % by weight (Schürch et al. 2010) . The peptide fractions of 1 mol% used in this work correspond to about 5 % by dry sample weight and are thus slightly higher than physiological levels but lower than peptide amounts at which there is significant perturbation of average phospholipid acyl chain orientational order. Despite the critical dependence of lung surfactant function on the presence of SP-B, observed effects of SP-B on lipid properties at small length scales, as represented by its effects on average chain orientational order in previous studies, have been small when protein-to-lipid ratios are low (Dico et al. 1997 ). When present separately, the SP-B fragments and, at low (nearly physiological) concentration, SP-B 63-78 have also induced only small effects on lipid chain orientational order in surfactant model bilayers (Russell-Schulz et al. 2009; Yang et al. 2009 ). The present work also finds little perturbation of lipid chain average orientational order by the SP-B construct, Mini-B, or by a mixture of its component helices, . This indicates that these peptides have only small effects on the conformation of individual lipids or on the amplitude of local lipid motions. In light of the effectiveness with which Mini-B can support blood oxygenation levels in surfactant-deficient rats (Waring et al. 2005) , these observations suggest that the functional role of Mini-B or, by extension, SP-B in surfactant might reflect more than just a substantial peptide-induced perturbation of orientational order.
In contrast, SP-B and its components have been found to significantly affect motions that influence quadrupole echo decay times in the liquid-crystalline phase (Dico et al. 1997) , suggesting perturbations of longer-range motions such as collective motions. In the current work, incorporation of Mini-B into surfactant model lipid bilayers constrained by mica plates broadened the distribution of bilayer normal directions about the average normal orientation and also gave rise to a nonoriented bilayer fraction. A mixture of the Mini-B component helices was found to similarly affect mica-constrained bilayers of the nearly complete natural surfactant, BLES. The observation of heterogeneously broadened lines and of significant departures from average bilayer orientation, rather than changes in doublet splittings, indicates that departures from average orientation took place over length scales that were long enough to preclude averaging by lateral lipid diffusion. The area sampled by a diffusing lipid during the characteristic time, s, of a 2 H NMR experiment is A ¼ 4pD L s; where D L is the lipid lateral diffusion constant (Davis 1983) . Using an estimate of D L % 10 Â 10 À12 m 2 =s from pulsed field gradient NMR results (Filippov et al. 2003; Almeida et al. 2005 ) and a characteristic time s % 10 À5 s, the areas over which bilayer orientations depart from average in the perturbed spectra are thus estimated to be greater than *1,200 nm 2 . The propensity for Mini-B or the mixture of SP-B [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and SP-B 63-78 to promote significant departures from average orientation in mica-constrained bilayers presumably reflects a peptide-induced modification of the energetic cost associated with bilayer misalignment in a mechanically oriented sample. These samples are prepared by deposition of the lipid or lipid-peptide solution on mica plates followed by drying, hydration, and stacking of the plates. Samples which display perturbed alignment presumably contain unaligned bilayers at the hydration stage prior to stacking but must also resist alignment resulting from confinement by the mica plates. The peptide-free samples which display more complete alignment are either better aligned in the hydration stage or can more freely respond to the orienting influence of the mica plates upon stacking. Regardless of whether the effect of the peptide is primarily felt at the stacking stage or at both the hydration and stacking stages of the alignment process, the resulting misalignment might be considered to amount to the introduction of defects into planar bilayer stacks. One way to imagine this happening would be if peptide-induced coupling of adjacent bilayers at the hydration stage were to promote the persistence of protrusions and/or large-scale bilayer corrugations which could then be trapped when the bilayers were more confined in the stack of mica plates. Possible mechanisms for such coupling might include direct linking of adjacent bilayers by shared peptides or the bridging of adjacent bilayers by peptide-stabilized stalk structures.
These observations suggest that Mini-B and its component peptides interact with some bilayers in a way that can inhibit bilayer response to the orienting constraint imposed by flat supporting surfaces. However, it is not straightforward to correlate surfactant function with the misalignment of mechanically constrained bilayers on the large length scales implied by the observation of significant additional intensity between ±12.5 kHz. The fact that the two lipid mixtures studied here responded differently to the two peptide mixtures suggests that the extent to which Mini-B or its component peptides can promote or stabilize departures from bilayer flatness during the mechanical orientation process is sensitive to details of the bilayer composition, including the degree of lipid chain saturation and the presence of native hydrophobic protein, and the peptide structure. In particular, BLES/DPPC-d 62 , which naturally contains SP-B, does not orient as fully as peptidefree POPC-d 31 /POPG but also does not display significant additional intensity between ±12.5 kHz even with the addition of 1 mol% Mini-B. It should also be noted that the difference between the gel-to-liquid crystalline transition temperature and the temperatures at which observations were made was much larger for the POPC-d 31 /POPG samples than for the BLES/DPPC-d 62 samples.
The observation of enhanced intensity between ±12.5 kHz reflects the presence of bilayers with normals oriented perpendicular to the magnetic field over length scales large enough to preclude averaging by exchange of diffusing lipids with better oriented fractions. This implies the presence and stability of defects that presumably perturb stacking over multiple bilayers. Such defects or protrusions may be stabilized by interactions that also contribute to bilayer coupling in functional surfactant mixtures, but it may be the scale of the resulting misalignment that is sensitive to bilayer composition; For example, bilayer coupling defects, resulting from local stalk formation or direct peptide-mediated bridging, might be accommodated with little effect on macroscopic bilayer alignment if distributed uniformly through an oriented three-dimensional bilayer stack. Clustering of such defects, on the other hand, might disrupt local packing sufficiently to give rise to the observations of significant mosaic spread. Such effects might account for the differences between the observed responses of POPC-d 31 / POPG and BLES/DPPC-d 62 to 1 mol% (5 wt.%) Mini-B or the responses of BLES/DPPC-d 62 to Mini-B or the same amount of peptide present as separate helices. In this regard, it is interesting that, in a previous study of SP-B 63-78 alone in bilayers, SP-B 63-78 alone consistently induced spectral features consistent with perpendicular bilayer normal orientations at concentrations above 2.5 wt.% (Yang et al. 2009 ).
Notwithstanding their apparent sensitivity to bilayer composition, the observations reported here do provide some insight into how it might be possible to reconcile SP-B's limited effect on local lipid conformation with its essential contribution to lung surfactant function, and thus, presumably, to the important lipid reorganizations implicit in that function. As noted above, the observation of fractions with large departures from average orientation in some samples indicates lipid population heterogeneity on length scales that preclude averaging by diffusion on the spectral timescale. This suggests that interactions, between SP-B components and lipids in some mixtures, can compete with the interactions responsible for flattening bilayers Eur Biophys J (2012) 41:755-767 765 in mechanically oriented samples, thereby promoting departures from planar geometry over large length scales. Proper functioning, and maintenance, of lung surfactant requires the recruitment of surfactant material into the surface-active layer from adjacent bilayer reservoirs, and the transfer of material to such reservoirs as lung volume varies (Zuo et al. 2008; Rugonyi et al. 2008; Possmayer et al. 2010; Frey et al. 2010 ). This implies a need for close contacts between bilayers and surface layers. The observation of increased mosaic spread and large departures from average orientation in some mechanically oriented peptide-containing samples might reflect the stabilization of protrusions or bilayer packing defects resulting from the linking of adjacent bilayers by peptide-induced stalks. While differences in scale cannot be dismissed, it may be that similar departures from bilayer flatness facilitate the close contact between bilayers and surface layers required in functional surfactant. Important details of the interactions between SP-B-derived peptides and bilayers or surfactant remain unresolved, but these observations do suggest that such interactions may promote collective perturbations of large bilayer surface areas.
